Even with many advances in treatment over the past decades, cancer still remains a leading cause of death worldwide. Despite the recognized relationship between metastasis and increased mortality rate, surprisingly little is known about the exact mechanism of metastatic progression. Currently available in vitro models cannot replicate the three-dimensionality and heterogeneity of the tumor microenvironment sufficiently to recapitulate many of the known characteristics of tumors in vivo. Our understanding of metastatic progression would thus be boosted by the development of in vitro models that could more completely capture the salient features of cancer biology. Bioengineering groups have been working for over two decades to create in vitro microenvironments for application in regenerative medicine and tissue engineering. Over this time, advances in 3D printing technology and biomaterials research have jointly led to the creation of 3D bioprinting, which has improved our ability to develop in vitro models with complexity approaching that of the in vivo tumor microenvironment. In this Review, we give an overview of 3D bioprinting methods developed for tissue engineering, which can be directly applied to constructing in vitro models of heterogeneous tumor microenvironments. We discuss considerations and limitations associated with 3D printing and highlight how these advances could be harnessed to better model metastasis and potentially guide the development of anti-cancer strategies.
Introduction
Despite substantial progress in cancer research over the past century, the World Health Organization (WHO) reported over eight million cancer-related deaths worldwide in 2012, with complications from metastases given as the major cause of death (Torre et al., 2015) . Metastatic spread, in which cancerous cells spread from a primary tumor to distant and distinct tissues, amplifies the impact of metastasis on affected individuals. Metastatic spread is also associated with a significant decrease in 5-year survival rates and is linked to as many as 90% of deaths from cancer (Chaffer and Weinberg, 2011) . Although the relationship between metastasis and increased cancer mortality is well established, much of our knowledge about cancer has focused on advanced-stage disease, because malignant progression in humans can be asymptomatic and span decades. A better understanding of the biophysical and biochemical environments in which cancer cells operate during disease progression could enable elucidation of the underlying mechanisms of cancer progression, thereby improving identification of therapeutic targets (Jain, 2013; Quail and Joyce, 2013) .
The change from a single primary tumor to multifocal disease follows a progression of events during which cancer cells disperse from the primary tumor site and colonize tissue at distant locations ( Fig. 1 ) (Chaffer and Weinberg, 2011; Chambers et al., 2002; Massagué and Obenauf, 2016) . Because cancer is multifaceted and encompasses a group of diseases, mechanisms through which tumor cells can spread from the primary tumor are highly varied. In one mechanism, cancer cells degrade their surrounding extracellular matrix (ECM) and actively invade surrounding tissue either as individuals or as clusters of cells (Chambers et al., 2002; Friedl and Wolf, 2003; Haeger et al., 2015) . Alternatively, tumor cells can initiate uncontrolled angiogenic signaling to form underdeveloped capillaries that both supply tumors with nutrients for increased proliferation and facilitate tumor cell intravasation (Box 1) into the bloodstream (Chambers et al., 2002) . Subsets of circulating tumor cells can extravasate into secondary tissue sites, and eventually some of these secondary colonies can form tumors and recruit blood vessels to establish a new tumor (Chaffer and Weinberg, 2011; Massagué and Obenauf, 2016) .
According to the Somatic Mutation Theory of cancer, the acquisition of invasive traits is largely attributed to genetic mutation followed by Darwinian selection of 'fit' tumor cells (Greaves and Maley, 2012; Grove and Vassiliou, 2014; Nowell, 1976) . The acquisition of direct mutations in the DNA, phenotype switching via epigenetic changes, and chromosomal rearrangements or duplications have all been observed to influence and promote tumor proliferation and migration (Greaves and Maley, 2012; Merlo et al., 2006) . However, a primary tumor is not just a large cluster of sub-clonal populations of cancer cells. Within this survival-of-thefittest conceptual framework, the environmental pressures on cells should be considered and investigated on the microscale. Increasing evidence has pointed to the tumor microenvironment (TME) (Box 1) as another major driver of tumorigenic behavior on par with genetic mutation (Bissell and Hines, 2011; Bissell and Radisky, 2001) . The TME refers to local environmental influences on tumor cells, including ECM composition (Iyengar et al., 2005; Provenzano et al., 2008) , ECM mechanical stiffness (Levental et al., 2009; Paszek et al., 2005) , and paracrine signaling with stromal cells (Grivennikov et al., 2010; Orimo and Weinberg, 2006) . The TME provides continuous biochemical and mechanical feedback to resident cells within the vicinity of tumor cells, and evidence suggests that this complex milieu can promote or restrict metastatic progression (Fig. 2) . With the TME metastatic model, disruptions to homeostatic balance between cancerous cells and the local environment accumulate to an extent that the environment itself serves as a driver of tumor proliferation and invasive behavior (Bissell and Hines, 2011; Bissell and Radisky, 2001) .
In order to elucidate the mechanisms by which tumor cells acquire metastatic traits, researchers have made extensive use of in vitro and in vivo models. In vitro refers to models in which cells are cultured in an artificially constructed environment, whereas in vivo refers to models where cells exist in the native-like environment of an animal. The in vitro model can be sub-divided into 2D models and 3D models, where cells are cultured either on top of a flat support substrate such as standard tissue culture plastic or inside a 3D support substrate such as Matrigel (basement membrane-like ECM gel material). 2D in vitro models have served as the workhorse of biological discovery since the advent of tissue culture and continue to serve as a major tool for cell behavior investigations. Although the 2D model has led to many important discoveries, there is a growing recognition that 3D models allow recapitulation of aspects of tumor biology including cell proliferation, 3D cell migration, nutrient and waste diffusion kinetics, angiogenic recruitment, intravasation, and extravasation (Box 1) (Abbott, 2003; Griffith and Swartz, 2006; Yamada and Cukierman, 2007) . 3D in vitro models are generally easier to image, more amenable to manipulation, less expensive and can be processed at a higher throughput compared with in vivo models (Burg et al., 2010) . However, we must realize that in vitro models can only approximate the systems, cells and tissue of the body (Schuessler et al., 2014) . In vitro models can, however, guide us to understanding underlying biochemical principles that can later be verified in vivo.
Primary tumors and their resident cells exhibit incredible heterogeneity (Box 1) in nearly every measurable characteristic, including cellular genotype, epigenetic state, matrix composition, metastatic potential and therapeutic resistance. Despite progress made with 3D in vitro models, heterogeneous TME models remain difficult to produce. The TME is not homogenous, and recent findings indicate that heterogeneity of environmental features is important for recapitulation of native tumor behavior. One key weakness of current 3D models is the lack of vasculature or complicated vascular structures to mimic blood vessel structures that are important for cancer cell interactions with endothelial cells during tumor proliferation, angiogenic recruitment and intravasation (Kolesky et al., 2014; Yamada and Cukierman, 2007) . Blood vessels are also known to lead to the formation of oxygen diffusion gradients that can promote chemotactic tumor cell invasion (Mosadegh et al., 2015) , promote angiogenic sprouting (Verbridge et al., 2013) and influence delivery of chemotherapeutics to solid tumors (Pàez-Ribes et al., 2009) . For these reasons, vasculature should be incorporated into in vitro models to better recapitulate the native disease state (Miller, 2014) .
Stromal cell recruitment is difficult to track with current models of metastasis. Boyden chamber assays utilize transwell chambers (standard tissue culture plate inserts) to co-cultivate two cell types (Boyden, 1962) . Transwell chambers have been important for understanding migration of cancer cells, but such assays cannot recapitulate 3D clusters of tumor cells nor easily control the spatial distribution of cancer and stromal cells. Microfluidics methods to fabricate micro-scale fluidic channels have opened possibilities for improved in vitro models with controllable microenvironmental features (Young and Beebe, 2010; Zervantonakis et al., 2012) on the scale of 100 to 1000 µm thickness, which facilitates the use of fluorescent imaging methods for probing and measuring cancer cell behavior. However, traditional microfluidic fabrication techniques cannot easily fabricate 3D structures with increased thickness and thus cannot easily recapitulate the spatial heterogeneity of the ECM in 3D (Xia and Whitesides, 1998) .
Box 1. Glossary
Intravasation: During metastasis, refers to the process of cancer cells moving across the endothelial barrier into the bloodstream. Extravasation: During metastasis, refers to cancer cell exit from the blood stream across the endothelial barrier. Colonization: In the context of metastasis, this refers to cancer cells taking residence at a site distant from the tumor site of origin. Tumor microenvironment: Local environmental conditions immediately surrounding a tumor, including the extracellular matrix, neighboring stromal cells, soluble growth factors, blood vessels, nutrients and waste. Heterogeneity: Composed of or including more than one component. In the context of the tumor microenvironment, heterogeneity refers to the diverse composition of the local environment surrounding the tumor. Three-dimensional printing (3DP): The act of constructing a 3D patterned object from physical material using an automated machine; analogous to a standard electronic printer that constructs 2D patterns using ink. Biomaterial: Synthetic or natural material that is compatible with living tissue or cells. Bioink: Mixture used for 3D printing that is composed of some combination of matrix-like scaffold biomaterial, cells or bioactive additives. Layer-by-layer: Refers to the construction of a 3D object by iteratively stacking layers of material. Extrusion: The process of material being physically forced through an opening. In 3D printing, this refers to pressurized, controlled ejection of material through a small nozzle. Inkjet printing: In 3D printing, this refers to the use of a specialized nozzle capable of rapidly ejecting controlled volumes of material in the form of a droplet. Photopolymerization: Refers to a light-initiated polymerization crosslinking reaction. In the context of 3D printing, this reaction typically converts illuminated liquid material into a solid phase. Projection stereolithography: Use of a patterned light source, such as a commercial light projector, to cure light-sensitive material. Laser sintering: Use of a focused laser beam to fuse granules of a powdered material with heat. Sacrificial casting: A technique for creating 3D objects by casting material around a mold, then selectively removing the original mold through physical removal or chemical dissolution. Three-dimensional printing (3DP) (Box 1) is one emerging method for fabricating 3D scaffolds that capture TME heterogeneity (Sears et al., 2016) . 3D printing is a method for constructing physical 3D objects through additive manufacturing, in which material is deposited in discrete positions within a defined volume of interesttypically on the order of 0.5-10 ml. Whereas 2D printing is the patterning of flat patterns onto a starting surface, 3D printing can be described as the patterning of volumetric patterns into an empty space. During 3D printing, material is distributed into 2D patterns of material that stack together to form complex 3D shapes. Designed initially for the manufacturing of plastic prototypes and objects, researchers in the field of tissue engineering have been steadily adapting 3D printing methods for biological applications, leading to the emergence of '3D bioprinting'. Using similar physical principles, 2D patterns of biomaterials (Box 1) containing cells and other bioactive factors can be stacked to form 3D scaffolds that mimic native living tissue. 3DP excels in automation, precision, and reproducibility -key design goals in our search for techniques to pattern heterogeneous tumor models. The ability to pattern in 3D allows for fabrication of complex, heterogeneous tissue structures that recapitulate features of the microenvironment not possible through other tissue culture or microfluidics in vitro techniques.
In this Review, we discuss new biofabrication technologies based on 3DP and we suggest their potential utility in building in vitro models that can recapitulate TME heterogeneity. We first provide an introduction to TME heterogeneity and an overview of the fundamentals of 3DP. We next describe several 3DP methods currently used for tissue engineering applications that are relevant to fabricating in vitro tumor models with TME heterogeneity. For each technique, we discuss key considerations and limitations linked to these technologies and suggested applications for investigating metastasis. Finally, we discuss future directions of 3DP technology for tumor biology. We believe 3DP technologies will provide cancer biologists with a unique opportunity to investigate cellular physiology and disease progression in vitro with unprecedented control and reproducibility.
Tumor microenvironment heterogeneity
The ECM, a key aspect of the cellular environment of a tumor, is a pervasive structural feature that surrounds all eukaryotic cells and serves an integral role in cell signaling and tissue organization (Hynes, 2009) . Moreover, the ECM is constructed from a wide variety of molecular components; the exact composition is tissuespecific and significantly affects cell behavior (Mouw et al., 2014; Rozario and DeSimone, 2010) . For embryogenesis and normal tissue homeostasis, ECM components direct cell differentiation (Gattazzo et al., 2014; Watt and Huck, 2013) . In the context of tumor cell invasion, the ECM has been reported to inhibit (Bussard et al., 2010; Dolberg and Bissell, 1984; Weaver et al., 1997) or conversely, induce invasive behavior in cancer cells (Gill et al., 2012; Maffini et al., 2004; Shen et al., 2014) depending on ECM structural composition or matrix stiffness. We note here that, adding to this complexity, the ECM is not static. Interstitial cells are continuously degrading existing ECM and depositing new matrix molecules, and this continuous turnover varies depending on the tissue type and subcompartment (Wagenseil and Mecham, 2009) . The ability to control in vitro tissue construct properties over time, termed '4D printing', is outside the scope of this Review but the nascent field is growing rapidly (Sydney Gladman et al., 2016) .
The TME interacts with cancer cells to influence metastatic progression based on environmental features (Fig. 2) , including: (1) mechanical stimulation, governed by matrix stiffness, matrix porosity, local tension and compression on cells, and interstitial pressure (Giannelli et al., 1997; Levental et al., 2009; Polacheck et al., 2011; Yu et al., 2011) ; (2) cell-matrix interactions including integrin-mediated focal adhesion interactions, MMP-mediated matrix degradation, and matrix-tethered growth factors (Raeber et al., 2005; Reynolds et al., 2009; Yu and Stamenkovic, 2000) ; (3) cell-cell interactions with surrounding stromal fibroblasts and pro-inflammatory immune cells (Grivennikov et al., 2010; Wyckoff et al., 2004) ; (4) oxygen, nutrient, and soluble cytokine gradients (Eccles, 2005; Kim et al., 2010; Strieter et al., 2004) ; and (5) tissue architectural features such as blood vessels, angiogenic sprouts and endothelial barriers (McDonald and Baluk, 2002; Papetti and Herman, 2002) .
Intercellular communication coordinates a variety of cancer hallmarks including invasion, and tumor-promoted inflammation (Hanahan and Weinberg, 2011) . Tumor invasion refers to the pathophysiologic migration of tumor cells into surrounding tissue. Invasion can be partially attributed to cross-talk signaling between tumor cells and macrophages (Condeelis and Pollard, 2006; Yamaguchi et al., 2005) or fibroblasts (Kalluri and Zeisberg, 2006; Karagiannis et al., 2012) . Cross-talk signaling can lead to secretion of matrix metalloproteinases (MMPs) that degrade local ECM to clear pathways for tumor cell invasion, can cause inappropriate activation of epithelial-mesenchymal transition programs, and can cause chemotactic migration towards blood vessels (Hanahan and Coussens, 2012) . Chronic inflammation from infections such as hepatitis is associated with tumor sites, and inflammatory cells are often found at primary tumor sites (Balkwill and Mantovani, 2012; Grivennikov et al., 2010; Landskron et al., 2014) . Some inflammatory cytokines directly promote invasion and metastasis (Coussens and Werb, 2002) . Paradoxically, in some cases macrophages and other immune cells can inhibit tumor progression (Coussens et al., 2013) . Better in vitro systems could help uncover the multiple roles of stromal cell interactions with cancer cells and thus provide insight into the mechanisms underlying these cancer hallmarks.
Metastatic dissemination of cancer cells to distant sites occurs primarily via blood vessel networks (Chaffer and Weinberg, 2011; Chambers et al., 2002) . Initially, angiogenesis forms new blood vessels that add nutrient supply lines to improve tumor growth rate. (2008) and Lutolf and Hubbell (2005) .
These incompletely formed vessels can serve as 'leaky' entrances for tumor cells to invade the bloodstream (Chambers et al., 2002; Roskoski, 2007) . Under physiologic conditions the 'angiogenic switch', or balance between contributions of pro-and antiangiogenic signals, remains 'off' unless external agents like tumor cells force the balance in favor of angiogenesis (Carmeliet and Jain, 2000; Folkman, 2002) . Tumor cells accomplish this in part by paracrine signaling with endothelial cells to secrete vascular endothelial growth factor (VEGF) and other pro-angiogenic factors (Dankbar, 2000) . After intravasation into the bloodstream, circulating tumor cells somehow infiltrate other types of tissue to establish a secondary colony. Secondary organ site locations for metastatic lesions are non-random for some types of primary tumors (Paget, 1989) , and tissue infiltration by circulating tumor cells is highly inefficient (Cameron et al., 2000; Luzzi et al., 1998) , both of which indicate an opportunity for studying secondary site environmental features that promote or inhibit tumor proliferation. Thus, hollow blood-vessel-like structures are key to studying metastatic dissemination in vitro.
In light of the evidence implicating the environment surrounding a tumor as contextually promoting or inhibiting tumor behavior, the development of in vitro models with controlled heterogeneity will be pivotal to further elucidate the etiology of metastatic disease. There are several key features an in vitro model needs to better mimic the native TME. Fundamentally, any in vitro model for metastasis should be three-dimensional because of the dynamics of diffusion (cytokines, nutrients, waste) and migration (tumor invasion, inflammatory cell recruitment). Such a 3D model should be composed of an ECM-mimetic material with tunable mechanical and bioactive properties to recapitulate cell-ECM interactions. Paracrine communication between tumor and stromal cells influences angiogenesis, migration and inflammatory cell recruitment as discussed above, which means that the ideal in vitro model should enable two or more cell types to be included. Blood vessels and lymphatics are crucial to intravasation and extravasation, so a perfusable tube or branching network would further improve an in vitro model for metastasis.
An overview of 3D bioprinting
3DP has emerged as a revolutionary technique for rapidly prototyping new designs for products useful to a myriad of fields. The origins of 3DP can be traced to a patent application from 1984 by Charles W. Hull (Hull, 1986) , which describes a system for building 3D objects from repeated patterning and stacking of 2D cross-sections of a photopolymerizable fluid. Since the 1980s, the idea of 3DP has been expanded by developing new machines capable of printing by different methodologies with a broader range of materials. Applications for 3DP now span an incredibly wide range of fields including the arts, commercial product design, largescale industrial manufacturing and construction, and more recently biomedical and biological applications.
3DP refers to a subset of techniques from the more general category of additive manufacturing, a process by which objects are formed by additively joining material into a 3D pattern (Miller, 2014) . Typically, '2D' cross-sections (3D volumes with relatively small thickness dimension) are incrementally stacked on top of one another to form a 3D patterned structure (Fig. 3) . Other methods of printing that do not rely on 2D stacking of materials exist (Hinton et al., 2015; Wu et al., 2011) , but these methods are not discussed in this Review. 2D patterns can be positioned by hand; however, manual alignment and stacking of successive layers quickly becomes a critical impediment (Gurkan et al., 2013) . The commoditization of electronic and robotic equipment has facilitated the design of dozens of types of additive manufacturing that benefit from high precision and automation not typically available in a research lab. Common methods for positioning the addition of new material can be droplet addition over 2D arrays such as by an inkjet printer (Gurkan et al., 2014; Li et al., 2015) , extrusion (Box 1) through a nozzle along linear paths (Pati et al., 2014; Zein et al., 2002) , polymerization by 2D laser rastering (Hribar et al., 2014; Neiman et al., 2015) , and light projection in 2D patterns (Elomaa et al., 2015; Melchels et al., 2010) . New material is solidified or adhered to the previous layer by one of several general methods including thermal phase transitions, chemical crosslinking reactions and light-based polymerization reactions. The complicated nature of material physical properties, adhesion mechanisms and patterning techniques renders optimization of relevant parameters necessary (Knowlton et al., 2015; Tasoglu and Demirci, 2013) .
3D bioprinting simply refers to the application of 3DP to a biological application. 3D bioprinting applications from the past decade have included engineering implantable tissue scaffolds (Sooppan et al., 2016) as well as in vitro tissue scaffolds for studying stem cells, co-culture tissue models and tumor microenvironments (Gurkan et al., 2014; Kang et al., 2016; Pati et al., 2014) . For all bioprinting applications, the goal is to control the patterning of both cells and biomaterials into tissue-like structures. Biocompatibility is the most important factor to consider in 3D bioprinting design, which means that materials, methods to add materials, and material adhesion mechanisms (such as thermal cooling and cross-linking) must all be non-toxic and nondestructive to cells. 3DP was designed for hard, dry plastic manufacturing rather than soft, wet biological tissue, providing . Layer-by-layer 3D printing. A common strategy for constructing threedimensional objects is layer-by-layer construction, whereby a 3D structure is formed by stacking several layers of flat materials into a 3D pattern. Each layer can be thought of as a 2D pattern that has been expanded slightly into a thin 3D volume. An easy, illustrative example is provided by the formation of a pyramid shape. Each layer in a pyramid is a square 2D pattern with limited volume. (A) A low-resolution 3D object refers to an object formed from thick layers, which for a pyramid results in an object with thick, prominent steps. (B) By increasing the number of layers and decreasing thickness, the resolution of the pyramid is increased to give the appearance of a smooth surface. (C) For 3D bioprinting, complex structures such as vasculature can be constructed layer-by-layer with feature resolution dependent on layer thickness. Left panel shows an example 3D object representing a branching vascular structure is depicted. The vascular object can be constructed through iterative addition of 2D patterns. Right panel examples 1, 2 and 3 show topdown views of select 2D patterns at differing layers heights in the object.
design constraints that necessitated re-engineering of 3DP techniques from the ground up. Commercial printers with standardized biological printing materials do exist, but many biological applications also make use of 3D printers and accompanying software that are custom designed. Here, we describe some of the more notable developments in 3D bioprinting. We also note that many groups have developed in vitro cancer models that are manually assembled, and are therefore ripe for translation to a more reproducible additive biomanufacturing platform Kaemmerer et al., 2014; Loessner et al., 2013; Loessner et al., 2016; Riching et al., 2015) .
3D printing of heterogeneous microenvironments Biomaterial considerations
The choice of biomaterial is one of the first considerations for developing an in vitro model that mimics the native ECM. The ECM is constructed from complex combinations of several classes of proteins and other molecules (Rozario and DeSimone, 2010) and consequently, ECM mimetic constructs with identical biochemical and structural properties are difficult to produce. Cell compatibility with the biomaterials and polymerization mechanisms also impacts on the choice of biomaterial, and compatibility with a 3DP method adds further constraints to the types of biomaterials that can be used. Nonetheless, a variety of biomaterials have been developed that can be used to fabricate 3D in vitro scaffolds by 3DP. These materials can be divided into natural, synthetic or hybrid natural/synthetic materials (Hutmacher, 2010; Sionkowska, 2011) .
'Natural materials' refers to a category of biomaterials that are derived from living sources. Matrigel ® , an ECM-based material isolated from Engelbreth-Holm-Swarm (EHS) tumors in mice, is one of the most commonly used natural biomaterials (Kleinman and Martin, 2005) and has been particularly useful for in vitro studies on invasive behavior of tumor cells (Petersen et al., 1992; Weaver et al., 1997) . Additionally, collagen I, gelatin, hyaluronic acid (HA), fibrin, alginate and chitosan can also serve to build 3D scaffolds (Murphy and Atala, 2014; Tibbitt and Anseth, 2009 ). Natural biomaterials (especially Matrigel) generally reflect the native in vivo cellular ECM composition better than synthetic materials owing to the pre-existing complexity of sources for natural materials (Kleinman and Martin, 2005) .
Synthetic biomaterials are artificial materials such as poly(ethylene glycol) (PEG), poly(n-isopropylacrylamide) ( pNIPAAm), and poly(caprolactone) (PCL) that are suitable scaffold materials for 3D cell culture (Gill and West, 2014) . With little or no inherent bioactivity, these biomaterials can be extensively modified to selectively add bioactive components to mimic natural ECM properties (Zhu, 2010) . Short peptide sequences like the commonly used arginine-glycine-aspartate (RGD) motif can be immobilized to synthetic hydrogels to present integrin binding sites that promote cell adhesion and cell proliferation (Hersel et al., 2003; Ruoslahti, 1996) . Selective ECM degradation by MMPs can be achieved by incorporating MMP-cleavable peptide sequences into the hydrogel backbone (Raeber et al., 2005) . Other basic growth factors like transforming growth factor beta 1 (TGFβ1), TGFβ2, and basic fibroblast growth factor (bFGF), can be immobilized to hydrogel scaffolds to alter the behavior of encapsulated cells (Bentz et al., 1998; DeLong et al., 2005; Mann et al., 2001) .
ECM mechanical properties such as matrix stiffness can be controlled through biomaterial choice and functionalization. Biological tissues vary widely in stiffness, ranging from soft tissue in the brain (∼0.1 kPa) to very stiff tissues in bone (∼80 kPa) (Guvendiren and Burdick, 2013) . In the past decade, research has revealed that matrix mechanical properties can drastically change cell behavior including stem cell differentiation (Engler et al., 2006) and tumor migration (Chaudhuri et al., 2015; Zaman et al., 2006) . The stiffness of synthetic or modified natural materials can be tuned by controlling polymerization reaction conditions (DeForest et al., 2010; Gill et al., 2012) .
Material-extrusion-based 3D bioprinting
Aspects of TME heterogeneity can be recapitulated with 3D-printed in vitro models using extrusion and inkjet bioprinting (Box 1). For extrusion and inkjet 3D printing, bioinks (Box 1) composed of biomaterials, cells and soluble factors are selectively patterned onto a surface to form 3D scaffolds. By changing the composition of the bioink, cell type and soluble factors can be readily exchanged to produce in vitro scaffolds with a heterogeneous composition. Printing with a single bioink can generate structures with architectural features such as hollow channels. Expansion to two or more bioinks allows users to spatially pattern ECM materials and cells, enabling the creation of in vitro models with heterogeneity that is not easily achieved using scaffolds formed from a single homogenous mixture.
In typical extrusion-based 3D printing, small amounts of bioink are deposited onto a platform by forcing material through a nozzle in a controlled, continuous stream (Pati et al., 2015) . The materialdispensing system can freely move in the x-and y-directions to deposit material in 2D patterns onto a support platform (Fig. 4A) . This platform can additionally move in the z-direction to allow sequential addition of 2D patterns, which stack to form a 3D scaffold. Recently, Shim et al. (2012) built a multimaterial extrusion 3D printer, called the multi-head tissue/organ-building system (MtoBS), which employs six nozzles capable of incorporating up to six bioinks into a single 3D scaffold. The bioprinter functions by alternating between support layer 'walls' of a stiff material, PCL, with layers of a softer alginate gel that is less structurally stable but capable of supporting encapsulated cells. Later work adapted the MtoBS to additionally print with soft, decellularized matrix materials capable of promoting human mesenchymal stem cell (hMSC) differentiation (Pati et al., 2014) . Extrusion-based 3DP has been applied for the fabrication of vessel-like constructs. One such example makes use of calcium-mediated polymerization of alginate to directly form hollow, vessel-like structures (Grolman et al., 2015) . With this specialized printer, a central calcium chloride stream is co-extruded with a surrounding alginate solution, which leads to polymerization in a hollow cylindrical structure at the solution interface.
Inkjet bioprinting is a related 3DP method in which tiny volumes of bioink in the form of droplets are sprayed onto a surface, much like 2D inkjet printing (Fig. 4B) (Derby, 2008) . Li et al. (2015) recently reported an inkjet-based method of printing cell-laden hydrogels using peptide-DNA and DNA cross-linker cell suspensions via nanoliter droplets to form multi-layer hydrogels. Although the authors did not demonstrate printing with more than two nozzles, the addition of one or more nozzles could allow patterning of multiple cell types. Gurkan et al. (2014) demonstrated a similar printing technique that can be used to form objects from droplets of bioinks composed of the photopolymerizable GelMA, hMSCs and either transforming growth factor beta 1 (TGF-β1) or bone morphogenetic protein 2 (BMP-2). TGF-β1 and BMP-2 have both been previously reported to promote osteogenic and chondrogenic differentiation in hMSCs (Dickhut et al., 2010; Pittenger, 1999) . When these two bioinks were printed in an interlocking pattern to form a spatial gradient, expression markers for both chondrogenic and osteogenic differentiation were significantly upregulated compared with single growth factor controls (Gurkan et al., 2014) . A key goal in cancer research is to identify specific matrix factors such as chemical ligands and mechanical stiffness that might impinge on or correlate with metastatic progression (Liu et al., 2012; Yu et al., 2011) . Bioprinted tumor models might help uncover new therapeutic targets to inhibit or antagonize these specific interactions.
Most 3DP techniques are unable to print truly 'freeform' objects, where there are no spatial restrictions on the shape of the object. These limitations stem from the inability to deposit material at a point that is not directly connected to a previous section of the object. An example would be attempting to print the shape of a palm tree by starting with the base of the tree -the tips of the hanging branches would be impossible to start in mid-air. A solution to this problem is to utilize a support material that can physically support printed material at any volumetric point. Extrusion printing inside a support bath of hydrogel material has emerged as a solution to freeform printing. The key is the use of material combinations that permit extrusion of material but prevent material displacement postextrusion.
Recently, true freeform structures have been formed by extrusion bioprinting into a support material using a technique called hydrogel support bath 3DP (Fig. 4C) . One major advantage of hydrogel support bath 3DP is the ability to generate hollow networks of tubes that resemble vasculature. Hinton et al. (2015) directly extruded material into a gelatin microparticle bath to form 3D structures. The gelatin presents low resistance to shear stress (i. e. extrusion nozzle moving) but high resistance to normal forces (i.e. supporting extruded material against gravity) (Hinton et al., 2015) . Using alginate, the authors demonstrate printing of an elastic miniature of the human femur, and a hollow branching network. Bhattacharjee et al. (2015) used a similar method with a soft granular gel support bath that is natively rigid but able to fluidize with high shear stress. This property combination allows material to be easily deposited by extrusion, but will cement previously extruded material rigidly in place. The extruded gel can be photopolymerized into a stable continuous structure. As an extrusion-based technique, support bath 3DP can also be used to generate cellular and soluble factor heterogeneity. Multiple nozzles or a complicated multi-reservoir system would allow multiple materials to be patterned in 3D.
Extrusion and inkjet bioprinting share many related design considerations and limitations for 3DP. Often, ECM and cellular heterogeneity can be simultaneously achieved because existing bioprinting applications have been optimized for printing material with encapsulated cells. Physical considerations for these printing methods are complicated and have been reviewed previously (Knowlton et al., 2015; Murphy and Atala, 2014) . Key limitations for novel tumor engineering applications will be optimizing fluid mechanics for material extrusion and phase transition of the material post-extrusion. For techniques with nozzle extrusion, hydrodynamic forces on the cells resulting from nozzle width and roughness, cell size, and cell medium composition and flow properties need to be considered. Viscoelastic properties will vary among biomaterials, which fundamentally changes the flow rate of the material in response to the extrusion or ejection method. Furthermore, the polymerization mechanism changes the timing of material extrusion, as well as fundamental aspects of the printing apparatus such as temperature control for thermo-phase transitions or properties of light for photopolymerization. One major benefit for tumor modeling applications is the resilience of cancer cells to mechanical stressors during ejection or gel encapsulation compared with non-cancerous cells. Similar arguments can be made for inkjet droplet bioprinting with additional considerations for droplet temperature during ejection and mechanical forces of droplet impact (Knowlton et al., 2015) .
An additional consideration for multimaterial extrusion and inkjet printing is the number of distinct materials, which is limited by the number of nozzles or inkjet cartridges. Traditional color inkjet printers have four or more ink cartridges, which facilitates the development of printing heterogeneous materials, but the thermodynamic restrictions of droplet formation limit printable materials. Nozzle extrusion printers have more flexibility with material deposition; however, multiple material streams are more difficult to design and build. Moreover, deposition of one material could be incompatible with other potential co-printed materials. Natural biomaterials that undergo a reversible phase transition from gel to solid are ideal biomaterials for extrusion 3DP, whereas liquid biomaterials that can be chemically cross-linked are better suited for inkjet 3DP. Owing to constraints on biomaterials, the printing resolution of features is on the scale of 200 µm (Miller, 2014) .
Light-based 3D bioprinting
Light-based 3DP methods are another major technique for fabricating 3D scaffolds. Broadly, stereolithography (SLA) (Box 1) encompasses techniques that utilize light in the form of a focused laser or a 2D projection to initiate a light-based polymerization reaction. The transition from liquid to solid is limited to regions where the material has been exposed to light of a At 22°C, the hydrogel bath is stable enough to support the extruded print material, but at 37°C, the hydrogel bath transitions into a more liquid state to release the 3D printed object. The support bath allows formation of complex structures with overhanging regions such as the 3D 'S' structure, which is not possible with regular extrusion 3DP. Additionally, support bath hydrogel 3DP enables fabrication of structures without the need for layer-by-layer production; material can be extruded along any linear path within the enclosed gel bath volume. Reproduced with permission from Hinton et al. (2015) .
specific wavelength. Several synthetic biomaterials can undergo light-based polymerization reactions that do not prohibitively affect cell viability, which allows cells to be encapsulated in the bulk material. The use of synthetic biomaterials additionally allows bioactivity and scaffold mechanical properties to be readily controlled. Additionally, scaffolds with hollow channels are easy to produce via light-based 3DP, which can be perfused with a nutrient source to support higher densities of cells throughout the scaffold.
With laser-based 3DP, patterns of material are traced by a laser capable of planar motion. In one technique termed laser stereolithography, the laser can either directly cure patterns into a photosensitive medium, and an independent z-axis stage can then be moved to pattern successive 2D layers of materials to form a 3D shape (Fig. 5A) (Hribar et al., 2014) . In one application of laser stereolithography, PEG diacrylate (PEGDA) was photopolymerized by a UV laser to form small arrays of channels for cultivating hepatocytes. Using laser scanning, the hydrogel was polymerized into rectangular or ellipsoidal channel shapes, and size, aspect ratio, positioning and depth could be controlled (Neiman et al., 2015) . Another technique is called laser-induced forward transfer of liquids or LIFT, which describes a technique for using a laser to force small droplets of biomaterial from a substrate onto a separate platform or object (Colina et al., 2006; Gruene et al., 2011) . This technique operates similarly to inkjet bioprinting, with a focused laser rather than a nozzle used to form droplets. Guillotin et al. (2010) demonstrated the usefulness of LIFT by printing with a high cell density alginate bioink. 'Ribbons' coated with bioinks of various compositions could be interchanged to fabricate concentric cylinders of multiple distinct cell types. The laser allows for rapid ejection of biomaterial droplets, which provides a distinct advantage; however, the complexity and fidelity of the resulting 3D scaffolds is limited by difficulties in reliably controlling droplet deposition.
Digital light processing (DLP) stereolithography refers to the use of 2D projections of light to pattern layers of a 3D scaffold. With a distributed light source, whole 2D patterns are simultaneously projected onto a photopolymerizable material (Fig. 5B ). An independent z-axis stage can be moved to iteratively polymerize layers of hydrogel to form a 3D scaffold (Melchels et al., 2010) . In one example, light can be blocked by a physical sheet with a stenciled pattern, called a photomask, to form a pattern of light. Gurkan et al. (2013) described a heterogeneous hydrogel formed via successive photomask steps with different hydrogel materials to construct heterogeneous layers, and z-axis motion can augment this technique to produce 3D scaffolds with depth. The resolution of the printer allows users to mass-produce up to 100,000 3D scaffolds during a single round of printing. However, a major drawback to this technique is the complications associated with layer alignment (LaFratta et al., 2006) , which requires photomasks to be aligned with micro-scale precision. An alternative to blocking light with a photomask is to use a common video projector to illuminate patterns onto a photosensitive material. Elomaa et al. (2015) built a DLPstereolithography 3D printer that projects light down into a reservoir of a biocompatible hydrogel material. The authors were able to print a toroid shape with encapsulated human umbilical vein endothelial cells (HUVECs) as well as a large, bifurcating vessel junction. Albrecht et al. (2006) demonstrated an early method of patterning cell types in 3D by dielectrophoretic cell patterning (DCP). With this technique, cells arrange into patterns according to dielectrophoretic forces generated by alternating currents across a cell suspension. Essentially, the electrical current causes the cells to move, akin to gel electrophoresis. After patterning, cell positions are locked by photopolymerization of the pre-polymer material. Multiple cell types can be patterned into a 3D structure by repeated DCP application steps where multiple layers of hydrogel are successively formed. The authors applied the approach to show that microscale organization of chondrocytes influences ECM secretions, whereas randomly distributed chondrocytes have no effect. This technique provides a powerful method for patterning tumor and stromal cells into microscale 3D patterns with layer-bylayer (Box 1) iterative DCP fabrication. A major drawback to this method is that the layers are subject to non-uniform illumination, which affects the duration of polymerization and thereby gives rise to non-uniform mechanical stiffness throughout the layers. Additionally, this process restricts heterogeneity of cell type, soluble factors and ECM composition, as only one condition can be applied for each layer along the z-axis.
Multiphoton excitation (MPE) is an imaging technology that has been adapted to pattern sub-micron scale features into in vitro 3D constructs . MPE refers to an infrequent event during which two or more photons simultaneously excite the same molecule, resulting in a lower effective wavelength than the original source wavelength. During MPE imaging, high-energy laser pulses are focused into a small focal region that contains a high density of photons. In this region, the frequency of MPE events can excite a sufficient number of fluorescent molecules to be detected by microscopy (Li and Fourkas, 2007) . Miller et al. (2006) demonstrated an early application of MPE imaging, which uses an MPE microscope to initiate a light-based polymerization reaction within the laser focal region. Ovsianikov et al. (2010) presented another interesting application of multiphoton excitation to fabricate hydrogel scaffolds containing heterogeneous cell distributions. The scaffold is first formed in a reservoir of photocurable material, then the scaffold is seeded using LIFT.
Recent advances in multiphoton imaging technology and biochemistry have also enabled post-printing modifications to a 3D scaffold. Molecules have been developed that can covalently bond a hydrogel at one excitation wavelength and later be cleaved by another excitation wavelength. This allows MPE-based spatiotemporal addition or removal of materials in 3D scaffolds, referred to as a '4D' model Anseth, 2011, 2012; Luo and Shoichet, 2004) . A similar light-cleavage reaction was employed by Mosiewicz et al. (2014) to achieve matrix stiffness patterning in 3D. In laser patterning, a laser is focused onto singular points to locally photopolymerize material. The laser beam can be rastered across the surface to create 2D patterns of material. In a similar technique, selective laser sintering (SLS, not shown), a laser is used to fuse powder material together to form 2D patterns of material. SLS is particularly important because each layer is fully supported by the sintered or un-sintered powder of the previous layers, which permits freeform 3D printing of structures.
(B) With projection stereolithography, a 2D pattern of light is directly projected onto a photopolymerizable material to form entire layers in singular steps. Projection stereolithography is notable in that each layer is formed with constant time, regardless of pattern complexity or shape.
Photolithographic methods for 3DP are distinguished by the use of photopolymerization to add new layers to an object, which offers its own strengths and limitations. Like extrusion and inkjet printing, photolithography permits co-printing of multiple biomaterials and multiple cell types. One major strength of printing with light is the ability to specify 2D patterns of material addition or rapidly raster a focused laser beam, which can significantly decrease the duration of printing compared with techniques relying on the physical extrusion of material. However, the time required for material addition to the platform and subsequent polymerization can lead to cell sedimentation. Neutral buoyancy solutions can correct for cell sedimentation, but formulating such solutions can be difficult and might restrict biomaterial choices. The requirement of light-initiated polymerization limits the biomaterial choices to synthetic biomaterials. Furthermore, reaction conditions must be compatible with cell biology, which restricts reaction conditions including light wavelength and exposure time as well as photoinitiator toxicity. Despite the lightexposure constraints, the range of exposure times enables fabrication of scaffolds with heterogeneous mechanical stiffness because increased exposure time will increase gel stiffness. Moreover, cancer cells might be more tolerant of phototoxicity than primary cells, mitigating complications from light exposure in the generation of bioprinted tumor models.
One key benefit and limitation to multiphoton microscopy is the size scale for patterning. Multiphoton microscopy can only modify small voxels (volumetric units) on the order of 1 µm 3 (Li and Fourkas, 2007) , which both permits microscale feature patterning and restricts the effective patterning to microscale features in small (mm) gels. Another key limitation to multiphoton patterning is the limited availability of light-based chemistries that are orthogonal, compatible with cells, and adaptable to a wide range of molecules (DeForest and Anseth, 2011) .
Sacrificial template 3D bioprinting
The 3DP methods presented thus far have all been examples of 'positive-space printing', where the final 3D object is directly formed during the printing procedure. In contrast, 'negative-space printing' or 'sacrificial template 3DP' (Box 1) generates final objects by first casting material around a 3D printed object, then dissolving or physically removing the 3D printed 'negative' object (Fig. 6) . In other words, the goal is to print an object that corresponds to regions of empty space in the final desired 3D object. The key to this method of object fabrication is the material choice. The printing material must maintain a defined shape during the casting process and be selectively removable after casting is complete. Sacrificial template 3DP is particularly advantageous for generating hollow networks to mimic native vasculature. With positive-space printing, there can be difficulties with printing hollow, circular tubes because of issues with properly supporting overhangs at the points where the tube reconnects (i.e. like building an arched doorway). Moreover, the amount of time required to print a sacrificial template can be much shorter compared with the time required to print the surrounding volume.
One strategy for making blood vessels via sacrificial template 3DP is demonstrated by Bertassoni et al. (2014) who used extruded agarose cylinders to form a template for hydrogel casting with gelatin methacrylate (GelMA). Agarose does not adhere to polymerized gelatin methacrylate, which permits easy agarose extraction by vacuum aspiration. Such a technique can fabricate some degree of three-dimensionality, including limited blood vessel branching, but vasculature with multiple branching nodes are not feasible to produce with this method. Kolesky et al. (2014) also demonstrated an extrusion bioprinter capable of spatially patterning multiple cell-laden bioinks, including GelMA and Pluronic F-127, that can be sacrificed via temperature-dependent phase transition from gel to liquid. Additionally, Miller et al. (2012) used extrusion bioprinting to fabricate templates made of a carbohydrate glass, which are used to cast hydrogels. The carbohydrate glass composite can be dissolved with any water-based material including cell media. Carbohydrate glass can be printed with features like vessel junctions, but structures are limited to lattice-like architectures. Even with simple 3D vessel structures, sacrificial template printing has been shown to improve differentiation (Bertassoni et al., 2014) as well as improve angiogenic sprouting and the survival of fragile hepatocytes (Miller et al., 2012) .
Another method of sacrificial template fabrication makes use of laser sintering (Box 1) to form the sacrificial scaffold. During selective laser sintering (SLS), neighboring granules of a powder material can be fused using heat generated by a focused laser (Fig. 5A) (Shirazi et al., 2015) . For 3DP applications, 2D patterns can be sintered into powder, then a new powder layer can be added by lowering the previous layer and adding a fresh layer of powder over the existing object. Objects can be built layer-by-layer by ensuring that the successive layers fuse to the previous layer. Kinstlinger et al. (2016) recently used SLS to sinter PCL into 3D objects that were subsequently cast in PDMS. The PCL could be sacrificed using an organic solvent, leaving behind a hollow structure with potential use as a vasculature mimic. Although the use of the organic solvent is undesirable because it limits choice of materials for encapsulation, SLS printing utilizes a support structure that enables fabrication of 3D objects that cannot be made using traditional extrusion-based printing methods.
Template casting and hydrogel support bath 3DP are excellent techniques for building 3D in vitro hollow vessel structures, but there are limitations. The hollow space can be perfused, which improves nutrient availability and waste removal for supporting higher density cell populations. However, the bulk hydrogel cast around the sacrificial material will be uniform in ECM material and cellular composition and thus cannot recapitulate spatially heterogeneous native tissue. Existing techniques are limited in number and can only utilize a few biomaterials with special properties. Moreover, current 3DP capabilities can produce vessel diameters on the order of 100 µm and thus cannot achieve capillary level resolution of less than 10 µm.
Outlook: challenges and opportunities
As outlined in this Review, recent research has clearly demonstrated the remarkable power of 3D bioprinting to improve fabrication of in vitro models. In keeping with its original purpose of rapidly prototyping new 3D objects, the adaptation of 3D printing for bioprinting applications has enabled biologists to rapidly prototype custom-designed 3D scaffolds for cultivating cells in a heterogeneous microenvironment (Table 1) .
With increasing recognition of TME heterogeneity as a major player in metastasis, further adoption of technologies including 3D bioprinting will be crucial to advance the field. A recent strategic workshop for developing improved systems for cancer research has summarized many aspects of the TME that are key to advancing in vitro modeling of cancer (Schuessler et al., 2014 (Schuessler et al., 2014) . 3D bioprinting can address all of these issues, to varying degrees. Light-based, hydrogel support bath, and sacrificial template 3DP methods have all been employed to create 3D scaffolds with hollow, perfusable networks that can serve as blood vessel mimics. Light-based printing techniques can also pattern gradients of mechanical stiffness, which can be used to examine mechanical contributions of the ECM on local invasion by cancer cells. Extrusion, inkjet and stereolithography 3DP can construct 3D scaffolds with micro-scale resolution, and multiphoton emission techniques extend this range to nano-scale feature patterning. Advances in multimaterial 3D printing have further enhanced our ability to replicate the TME through patterning of multiple bioinks composed of ECM-like biomaterials, soluble signaling factors and cells. These bioinks can be used to form gradients of soluble or tethered bioactive molecules; cell co-culture models with controlled spatial arrangement; and scaffolds with complex ECM composition.
In the future, we can expect to see more examples of 3D bioprinting application to fabricate in vitro models of metastasis. A challenge in systems engineering is the tendency toward 'overengineering' -adding more complexity than necessary -which can rapidly lead to an unwieldy or difficult-to-use workflow. However, it is clear that many current systems are too simple. We must be discrete in the exact characteristics we would like to model in an in vitro setting, and these specifics can also help dictate or recommend 3D bioprinting methodologies that can help us to achieve the desired tissue construct. By defining the simplest 3D model system for a specific study, the key environmental causes or modulators of cancer cells will be easily uncovered through standard hypothesis-driven research. 3D bioprinting could be used to achieve this goal given the potential for rapid prototyping and control over scaffold bioactive-signaling properties. Each of the variables can be manipulated and tested with high turnaround time to establish individual or combination influences on cancer behavior. 3D bioprinting enables reproducible fabrication of complex in vitro models with medium to high throughput, which improves our ability to reliably screen for aspects of the TME that contribute to the development of metastatic disease. In the context of metastatic disease, cancer cells are known to clearly change behavior over time, exhibiting invasion into the bloodstream or lymphatics and colonization (Box 1) and proliferation at secondary tumor sites. 3D printed models enable 4D manipulation of variables, which is crucial because cancer is a disease that unfolds over time and space. 3DP models allow control over 4D models such as patterned mechanical stiffening or softening, timed and localized release of growth factors from the surrounding matrix, and controlled perfusion profiles into vasculature.
There are still limitations to widespread adoption of 3D bioprinting by non-specialist cancer biologists for investigating metastasis. One of the main difficulties for in vitro models in general is the difficulty with tying in vitro cell behavior to in vivo cell behavior. However, this is a major problem with all in vitro testing methods, and 3D bioprinting does offer the ability for rapid turnaround testing of multiple scaffold types at a throughput that can provide definitive answers. Biomaterials are another limiting feature for 3D bioprinting, as currently there are not a large number of tested bioink compositions. The optimization or development of materials Kolesky et al., 2014; Miller et al., 2012 We roughly score several 3DP methodologies for their common application (++, highly suitable; +, suitable; -, not suitable) to address specific questions about cellular physiology in relation to ECM composition, cell co-culture, vasculature, soluble factors, and mechanical characteristics of the ECM. References of specific examples are given.
with improved properties for bioprinting is desirable. Future adoption of 3D bioprinting by non-specialists is additionally hampered by the lack of standardized printers for applications. In principle, 3D bioprinters offer reproducibility but without standardized equipment and commercially available bioinks/ printing materials, inter-lab reproducibility has been limited. Furthermore, the lack of commercial sources makes it difficult for non-specialist engineers to adopt 3D bioprinting for producing in vitro models. Open-source 3D bioprinting, of which we are huge proponents (Kinstlinger et al., 2016; Miller, 2014; Miller et al., 2012) , can boost access and standardization across lab environments, while also lowering costs and enabling greater control. The increased frequency of publications that describe 3D bioprinting methods provides the groundwork for how to build and use 3D bioprinting techniques. However, the successful adoption of these techniques into mainstream research requires transdisciplinary efforts between engineers and cancer biologists. 3D bioprinting technologies have produced amazing results for tissue engineering that could equally revolutionize our understanding of metastasis. We expect 3DP technologies to significantly expand our capability to construct complex and reproducible in vitro tumor models, thereby empowering cancer biologists to experience a surge of progress in elucidating the crucial yet unclear role of the TME in metastatic disease.
